The wild mouse ecotropic retrovirus (WM-E) induces a spongiform neurodegenerative disease in mice after a variable incubation period of 2 months to as long as 1 year. We isolated a molecular clone of WM-E (15-1) which was weakly neurovirulent (incidence, 8%) but was highly leukemogenic (incidence, 45%). Both lymphoid and granulocytic leukemias were observed, and these leukemias were often neuroinvasive. A chimeric virus was constructed containing the env and 3' pol sequences of 15-1 and long terminal repeat (LTR), gag, and 5' pol sequences from a clone of Friend murine leukemia virus (FB29). FB29 has been shown previously to replicate to high levels in the central nervous system (CNS) but is not itself neurovirulent. This fnding was confirmed at the DNA level in the current study. Surprisingly, intraperitoneal inoculation of neonatal IRW mice with the chimeric virus (FrCasE) caused an accelerated neurodegenerative disease with an incubation period of only 16 days and was uniformly fatal by 23 days postinoculation. Introduction of the LTR of 15-1 into the FrCasE genome yielded a virus (FrCasEL) with a degree of neurovirulence intermediate between those of 15-1 and FrCasE. No differences were found in the levels of viremia or the relative levels of viral DNA in the spleens of mice inoculated with 15-1, FrCasE, or FrCasEL. However, the levels of viral DNA in the CNS correlated with the relative degrees of neurovirulence of the respective viruses (FrCasE > FrCasEL > 15-1). Thus, the env and 3' pol sequences of WM-E (15-1) were required for neurovirulence, but elements within the LTR and gag-pol regions of FB29 had a profound influence on the level of CNS infection and the rate of development of neurodegeneration.
The wild mouse ecotropic retrovirus (WM-E) originally isolated by Gardner and co-workers (15) causes a chronic neurodegenerative disease associated with spongiform degeneration of the grey matter and tremulous paralysis (1) . In addition, this virus also causes leukemia of both lymphoid and granulocytic cell types (14, 16) . The neurodegenerative disease is generally slow in onset, with incubation periods tanging from 2 to 12 months, and the incidence of disease can be unpredictable, even when molecularly cloned virus and inbred strains of mice are used. These features have made systematic study of the pathogenesis of the neurologic disease cumbersome.
In the original description of the neurologic disease, the overall incidence in wild mice over a 14-month observation period was only 15% (15) . The heterogeneity in susceptibility appeared to be due in part to segregation of the Akvr-J (Fv4) resistance gene (17) . More subtle effects have been observed in inbred laboratory mice in which host resistance genes affect both the incidence and the tempo of the neurologic disease (20) . These latter host genes have not been characterized.
In addition to host genetic resistance, the tempo of the disease is affected by stage of development of the mouse at which inoculation of the virus occurs. The most rapid disease has been observed in mice inoculated in utero during midgestation (35) . In contrast, mice generally are completely resistant when the virus is inoculated after postnatal day 6 * Corresponding author. (22) . It is thought that at least a component of this age dependence is mediated by the immune response (21) .
The nature of the virus inoculum also influences the tempo of the disease. Brooks et al. (3) found that inoculation of concentrated virus shortened the incubation period and increased the severity of the disease. This could have been due to either the increased initial virus load per se or perhaps the existence of a minor population of highly virulent virus variants in the original virus stock. DesGroseillers et al. (10, 12) have used molecular approaches to define the viral sequences which influence neurovirulence. These studies revealed that the viral env gene of WM-E is an important determinant of neurovirulence (10, 28) but that viral long terminal repeat (LTR) sequences appeared to influence the tempo of the disease (12) . They replaced the LTR of their infectious clone of WM-E (NE-8) with that of the thymotropic virus Moloney murine leukemia virus (Mo-MuLV). Interestingly, intrathymic inoculation of the chimeric virus induced accelerated neurologic disease with an incubation period of 40 to 100 days (compared with 100 to 200 days for .
Using similar approaches, we constructed a chimeric virus containing envelope sequences derived from an infectious molecular clone of WM-E and nonenvelope sequences derived from a strain of nondefective Friend murine leukemia virus (F-MuLV). This chimeric virus induced markedly accelerated neurodegenerative disease (incubation period, only 16 days) which affected 100% of the inoculated mice and was invariably fatal. Sequences within the viral LTR, as well as the gag-pol region of F-MuLV, were found to be Virus was quantified by focal immunofluorescence assay using type-specific anti-gp7O monoclonal antibodies 48, for viruses containing the F-MuLV env gene (8) , and 667, for viruses containing the WM-E env gene (26) . Virus titers are expressed as in vitro fluorescent focus-forming units per milliliter. Fv-1 tropism was analyzed by "hitness" curves using NIH 3T3 and Balb 3T3 cells (29) .
Pathologic studies. Clinically affected mice were killed by exsanguination after ether anesthesia and examined for gross pathologic changes. In some cases, tissues were fixed in 5% formaldehyde in phosphate-buffered saline (pH 7.4) for 24 Hirt (19) . The unintegrated closed circular viral DNA in the supernatant was digested with SalI, which cuts once in the viral genome within the polymerase gene (7, 24) , and cloned into plasmid pUC19, which was also cut with Sall and subjected to alkaline phosphatase treatment. After transformation into Escherichia coli JM109, bacterial colonies were blotted onto nylon filters (Nytran; Schleicher & Schuell, Inc., Keene, N.H.). Of 2,500 recombinant plasmids, 12 hybridized to a WM-E-specific probe, WMXb (described below), and 8 of these contained inserts of .8.2 kilobases (kb). Plasmid DNAs from these eight clones were partially purified by the alkaline lysis method (25) 24 h. Blots were washed for 30 min at the same temperature with 2 x SSPE-0. 1% sodium dodecyl sulfate and subsequently in 0.1% SSPE-0.1% sodium dodecyl sulfate at 630C. The blots were exposed to Kodak X-Omat AR film with intensifying screens at -70°C, and the autoradiograms were scanned with a laser densitometer (LKB Ultrascan XL; LKB Produkter AB, Bromma, Sweden).
RESULTS
Neurovirulence and leukemogenesis of WM-E molecular clone 15-1. The virus derived by transfection of clone 15-1 was inoculated intraperitoneally or intracerebrally into 74 neonatal IRW mice (9 x 103 FFU per mouse), and the mice were observed for evidence of clinical disease (Fig. 2) . Mice which exhibited clinical signs of disease were killed and autopsied. By 43 weeks of observation, 97% of the mice had either been killed because of clinical disease (62%) or died between the weekly observation periods without pathologic diagnosis (35%). An unexpectedly high incidence of leukemia was observed (45% of mice inoculated). Most of the leukemias were lymphocytic, but a significant number of granulocytic leukemias (chloroleukemias) were also observed ( Table 1) .
The incidence of neurological disease was relatively low and could be divided clinically into two types. Tremulous hindlimb paralysis associated with muscle atrophy, characteristic of WM-E disease, was seen in only six (8%) of the mice and had a relatively long incubation period of more than 25 weeks. The occupying lesion. Autopsies of these mice revealed evidence of leukemia in 6 of 11 mice, with leukemic infiltrates in the meninges (Fig. 3A) . Of the remaining five mice with flaccid paralysis, three had no evidence of leukemia, but gross and microscopic examination of the CNS revealed massive intraparenchymal hemorrhages involving the hindbrain and rostral spinal cord (Fig. 3B) . The symmetry of the lesions suggested that the vascular defect occurred in one of the larger feeder arteries. Of the 11 mice with flaccid paralysis, 2 were not autopsied. This form of paralysis was rapidly fatal, and mice rarely survived for more than 24 h after the clinical diagnosis was made. As mentioned above, in addition to leukemia and neurologic disease, a significant proportion of the inoculated mice (35% overall) died between the weekly examinations. These mice exhibited neither signs of chronic neurologic disease (tremor or reflex abnormalities) nor evidence of significant splenomegaly or lymphadenopathy by palpation. Although the cause of death is not certain, it is possible that these mice developed acute flaccid paralysis due to either hemorrhage or undetected leukemia. Cumulatively, the results of this study indicated that molecularly cloned virus 15-1 was highly leukemogenic but only weakly neurovirulent. Furthermore, among the 17 mice which ultimately developed neurologic disease, only 6 exhibited clinical evidence of the chronic degenerative disease caused by WM-E.
Rationale for construction of chimeric viruses. Previous studies using an infectious center assay indicated that a strain of F-MuLV (FB29) replicated to high levels in the CNS but did not cause neurologic disease (31) . A comparison of the levels of viral DNA in the CNS relative to those in the spleens of mice inoculated as neonates with either 15-1 or FB29 revealed a striking difference (Fig. 4) . and FB29 viral DNAs were detected in the spleens of mice 14 days postinfection, detectable levels of viral DNA were observed in the CNS only in mice inoculated with FB29. These results suggested that the weak neurovirulence of 15-1 was due in part to its limited ability to replicate in the CNS, a function which might be complemented by sequences from FB29. We therefore constructed chimeric viruses with and FB29 (Fig. 1) .
Pathogenicity of recombinant viruses. Since the neurovirulence of WM-E has previously been mapped to the env gene (10, 28) , we introduced the env and 3' pol sequences of into FB29 (FrCasE; Fig. 1 followed by immobility of the mice in the cage, lack of weight gain, and finally death by 20 to 25 days. The disease induced by FrCasE was highly reproducible (Fig. 5) . Pathologic studies revealed spongiform degeneration without inflammatory infiltrates involving primarily the caudal segments of the CNS from the midbrain through the lumbar spinal cord (Fig. 6) . The vacuolation was localized to the grey matter and involved both the neuropil and neuron cell bodies. These findings are consonant with the pathologic changes induced by field isolates of WM-E (1), suggesting that the disease induced by FrCasE simply represented the result of more severe and rapidly progressive CNS pathologic changes.
Although the neurovirulence of WM-E has been mapped to the viral env gene, the studies described here show that sequences outside the env gene can accelerate the tempo of the disease. Since the LTR embodies sequences which regulate transcription, it appeared likely that the LTR of FB29 is responsible for the accelerated neurovirulence of FrCasE. We therefore introduced into the DNA of FrCasE the LTRs of (FrCasEL; Fig. 1 ). The genome of FrCasEL was distinguished from 15-1 only in that it contained gag and 5' pol sequences from FB29. Of 17 mice inoculated with FrCasEL and monitored for 60 days, evidence of neurologic disease was observed in 60% (Fig. 7) . Affected mice exhibited tremor and abnormalities in the abduction reflex, but complete paralysis was not observed. Clinically affected mice were first noted at 27 days postinoculation, and the disease incidence increased relatively slowly thereafter. Thus, the incidence, tempo, and severity of the neurologic disease induced by FrCasEL was intermediate between those of FrCasE and 15-1. These results indicated that although the FB29 LTR in FrCasE contributed to its markedly accelerated neurovirulence, this effect could also be influenced by elements within the FB29 gag-pol region. Whether the accelerated neurovirulence of FrCasE was a consequence of additive effects of these two regions of the viral genome is not known.
Both LTR and gag-pol sequences from FB29 specifically increase the level of CNS infection. Differences in the tempo of the neurodegenerative diseases induced by FrCasE, FrCasEL, and 15-1 could be due to differences in the initial doses of virus inocula or possibly to differences in the relative levels of virus replication in the mice. However, the titers of the initial inocula of the viruses were comparable (3 x 105 to 5 x 105/ml; see Materials and Methods). In addition, the levels of viremia measured at 21 to 26 days postinoculation were also comparable for these viruses (Fig. 1, viremia) . To examine the levels of virus replication specifically within the CNS, the relative levels of viral DNAs in spleens and CNS tissue were examined (Fig. 8) . Whereas the levels of viral DNAs in the spleens of mic-e inoculated with 15-1, FrCasE, and FrCasEL were comparable, the levels of viral DNAs in the CNS were different (FrCasE > FrCasEL > 15-1). These data are summarized in Table 2 , which also shows that although viral DNA was not detected in the CNS of 15-1-inoculated mice 14 days postinoculation, low but detectable levels were seen in two of three mice at 60 days postinoculation. Taken together, the results indicate that both LTR and gag-pol sequences from FB29 had a profound influence on the level of CNS infection. However, the CNS/spleen ratio of viral DNA in FrCasE_inoculated mice was similar to that of mice inoculated with FB29 (Table 2) only weakly expressed in combination with 15-1 LTR and gag-pol sequences. 15-1 itself was highly leukemogenic (Fig.  2) . Chimeric virus CasFrE, which consisted of FB29 poi-env sequences on a 15-1 background (Fig. 1) was also leukemogenic and induced leukemias of the same cell types and tempo as those induced by the parent virus, 15-1. Of 39 IRW neonates inoculated intraperitoneally with this chimeric virus, 13 (33%) had developed leukemia during 31 weeks of observation. This incidence is comparable to that induced by the donor of the non-env sequences at this time after inoculation (34%) (Fig. 2) . In addition, the incubation period of the leukemias induced by CasFrE was similar to that of those induced by 15-1 (18 weeks) (Fig. 2) . Of the 13 leukemias induced by CasFrE during this period, there were 7 thymic lymphomas, 2 nonthymic lymphomas, and 4 chloroleukemias. This mixture of leukemia types is reminiscent of the leukemias induced by (Table 1 ). Unlike the virus from which the pol-env sequences were derived (FB29), no erythroleukemias were seen. This result was expected, since previous studies by DesGroseillers and Jolicoeur (11) lymphoid and granulocytic types after approximately an 18-week incubation period. This variety of cell types was similar in terms of both frequency and tempo to those induced by biologically cloned Cas-Br-M (14) , from which 15-1 was molecularly cloned. Chimeric viruses constructed between WM-E and amphotropic viruses (23) indicated that determinants of leukemogenicity exist within the LTR, gagpol, and pol-env regions of the WM-E genome. In the current (37) and can function in a cell type-specific fashion (13, 38) . DesGroseillers et al. (12) have previously shown that introduction of the Mo-MuLV LTR into WM-E resulted in a chimeric virus which induced accelerated neurologic disease after intrathymic but not intraperitoneal infection. Since the Mo-MuLV LTR appears to contain thymotropic enhancer elements, it was suggested that high-level virus replication in the thymus might secondarily increase the level of CNS infection. In the current study, however, the level of splenic infection ( Fig. 4; Table 2 ) and the level of viremia were independent of the source of the viral LTR. Thus, the CNS should have been exposed to similar levels of FrCasEL and FrCasE. However, FrCasE infected the CNS at higher levels than did FrCasEL. This suggests that the enhanced CNS replication exhibited by FrCasE was CNS specific.
The influence of gag-pol sequences from FB29 on the level of CNS infection was unexpected. This effect also appeared to be CNS specific, since 15-1 and FrCasEL infected spleens at comparable levels ( Fig. 4 ; Table 2 ) and produced similar levels of viremia (Fig. 1) . Robinson 
